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A cDN A library, prepared from poly<A+> mRNA lao- 
latod from chicken brain, was screened for calmodulin 
sequences using the cloned full length structural gene 
from BbctrophtruB eieetrieiie aa probe (Lagace. L.. 
Chandra, T.» Woo, 8* L. C.» and Mean*, A. R. (19S3) 
Biol C*em 258, 1684-1686). Fifteen positive signal* 
were detected among 4600 recombinant ciones from 
which two overlapping clone* (pCB12 end pCBIS) 
were selected for subsequent DNA sequencing. The 
combined unkzoe segneaoes of the two cDNA clones 
yielded 1395 base pairs and contained the entire cod- 
ing region for calmodulin, 04 base pairs of the 5'- 
nontnnslated region, and the entire S'-nontranslated 
region of 657 bans pairs. The derived amino add se- 
quence of chicken cslssmlnlln Is identical with that of 
the bovine or soman protain. Compared to the ael t 
there is a single conservative amino acid snbetituUoa 
at position 74 which is occupied by Arg in the chicken 
and Lys In the eel* The overall nucleotide homology 
bet ween the amino add coding regions of chicken and 
eel calmodalin mRNA Is 79%. However, the 5'* and 3'- 
aontraaaiated regions of the chicken and eel mRNA 
for calmodulin are highly diverged who saquenos hom- 
ologies of 21 and M%> respectively, The cDNA clones 
were used as probes to determine the else and distri- 
bution of CT^uiftdpUn mRNA in a variety of chicken 
tissues. In all tissues examined, two species of mRNA 
for calmodulin were detected at 1600 and 1900 nu- 
cleotide*. Both mRN As occurred in the cytoplasm with 
an abundance ratio of 4:1 for the 1600 and 1900 
species, respectively. The two mRN As appear to result 
from differential processing of transcripts from a sin- 
gle tn 1 **"^*^ gene, Screening of a chicken genomic 
phage library tiaing p€B12 as a probe yielded a single 
positive a+ffrnT*** CL-1 which contains a DNA Insert 
of 16,5 kilebaae pairs, Partial sequencing of CL«1 has 
confirmed the presence of seqaences which code for 
calmodulin. A comparison of the restriction maps of 
CL-l and pCBl2 and pCBl* indicates that CL-1 con- 
tains at least 3 intervening sequence*. 
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CsM 1 is a cakdum-btnding protein (Af, ** 16,700) whkh 
functions in a regulatory capacity for a diverse array of 
enzymatic reactions and biochemical pathways. The pleio- 
tropk nature of CaM^iegulated events has sparked intensive 
research efforts concerning the biology, structure, and mech- 
sniani of action of CsM (for review see Hsfa. 1-3). Thia protein 
ia ccnatitutiveiy expressed in target colli for both steroid snd 
peptide hormones (3), but the intracellular concentration ia 
elevated in transformed cells (4) as well as at the Gi/5 
boundary of the growth cycle of mammalian cella in culture 
(5). In order to evaluate the regulatory mechanisma that are 
operable under these cifcuraatanccs, this laboratory initiated 
a series of studies which have employed recotnoinsnt DNA 
tech piques to isolate the nucleic acids involved in CaM syn- 
thesis 

In an initial report, Munjaal et oL (9) described the isolation 
of a cDKA for sal CsM (pCMl09) which contained CsAT 
specific aeojuence* corresponding to amino acid lestouss 93- 
Lagace ttoL (7) then used pCMlOO to isolate s mil length 
cDNA for eel CsM (pCMllft) in which are present multiple 
functional polyadenylation sites in the 3'-nontranalated re- 
gion. We now report the isolation of a cDNA done for chicken 
brain CaM. The chicken cDNA has been used for three 
purposes: (a) to determine, for the first tune, the amino acid 
sequence of chicken CaM; (6) to compare the structure of 
calmodulin cDNA* from two epeciee (chicken and sal); and 
(c) to use the cDNA as s probe to select genomic ciones for 
CaM from a chicken gene library, 

materials and methods 

Rnzymea and Raetioitotope* — All netrictkn e iwWnpcl eai a s were 
obtained from either Beth sad* Research Laboratories or New Bog- 
land Biolsbs. 31 nuclease was obtained from MBse Laboratories, Inc. 
Terminal transferase and bacterial alkaline phosphatase were ob- 
tained from Bethesda Research Laboratories, T 4 potyruideotide ki- 
nase was obtained from New England Nuclear, DNese I and DNA 
polymerase I were obtained from Wortblogton and Boahrinfer Man- 
nheim, reepectivery. {-^"PJATP and U-^JNTPs were obtained 
from AjDftrahain Corp, Hydrazine wet obtained from Pierce Chemical 
Co, Pepsridine, from Fisher, was redistilled before use. All other 
chemicals wars reagent grade or electrophoresis gradi quality. 

/•okmon of mRNA snd White iegborn bens were aecriAced 
by dscsoiution and their brain tissues were placed hi Liquid nitrogen 
immediately after dswection. DNA and total RNA were isolated from 
the fossa tissue aa previously daaeribsd (8). Wy<A*>-ttHrteinirii 
RNA wsa prepared from total RNA by chroroatogrsphy on oUgoidT)- 
ceUufeee aCCOiding to the method of Aviv and teder (9). NucW-f»e 
boiwdtenates were prepared according to the proceduxs of Bush (10) 
as modified by Tsai «f at (U). RNA waa ieotated from nudsi-free 
homoffeaates by extraction with pnenol/SDS as deacribed shove (8) 
and chroinatoeranbed on olifo(dT)-celhiioee (9) to enrich for cyto* 
ptaamic pory(A*)^xmtaining RNA. 



1 The abbreviations used are: CaM. calmodulin; SD&, sodium do- 
dscyl eulfete; dsDNA, double-strsnnVd cDNA; kb, Utobese pairs. 
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Construction of a Chick Brain cDNA Library— Tof\ poly(A*) 
mRNA from chicken brain wtf used to direct the syntheeie of diDNA 
with avian myeloblastosis vim* reverse transcriptase Si described 
pravtousty (12). After rea>ovsl of the liairpin loop by SI nuclease 
digestion U3), the d&DNA wAt aiied on a Sephadei O-100 column 
and only the front half of the flow through peak waa used for cloning. 
The plssmid pBR322 was cleaved with Patl and terminal polynucle- 
otide *tauV of (dC) and (dG) w«r* erkfed to the 3'-*ndf of the diDNA 
and cfcaved plasmld, respectively (14). The tailed daDNA was then 
reannsefed into the Uiled piaamid at pftviouily described (12). 

Escherichia toU Kl2 strain RKI Wig used as host for transformation 
by the chimeric plasmid The transformation vu performed as pre- 
vious*? described (LA). About 0000 tetracycline rwtftaiit (Tc B ) am- 
okillin^eneHive (Ap*) polonies containing chimeric piaamid were 
obtained from 30 >ig of mRNA. 

Cohny Screening by in Situ Hybridisation— Tetracycline -re»i»Unt 
(Tc*) and empWJUn-eenamvo (Ap") coioniee were picked onto freeh 
agar plates containing tetracycline and grown overnight at 37 *C 
overnight Replicate fiken wen prepared on Whatman Ml paper 
and ryeed in itiu by the method of Crunetein and Hognaaa (16). The 
dried filters ware pfehybridhted overnight at 68 *C In 6 x SSC, 1 x 
Denherdt » aohltion (17). pCMllG, a full length cDNA clone for eel 
CaM (7). was then labeled by nkk translation (18) and hybridised to 
the fihera for ie h at 68 'C in o aohjtion of 6 x SSC, 1 X Denhardt'a, 
1 mM BDTA, 0.M 3D3. The fitters war* subjected to four lo-min 
washes at room temperature in 2 x SSC, and poaitiva colonies were 
identified by toitOrwftoaTepfay. 

Individual cosoniee were cultured in 1.6 ml of L broth containing 
10 pg/mJ of tetracycline for 16 h. Bacteria were collected by centrif- 
ugatlon, and piaamid DNA was Utrscted by a rapid alkaline proce- 
dure (19) and analysed hy restriction endonucleaae digestion. 

Preparation of R&combinant Hatmid DNA— Bacterial coloniea 
ware grown in 1-liter cultures of M9 medium at 37 *C to an optical 
tfensity of 0.6 at 600 nm. Chforavtbenicol waa added to 26 ng/ml 
and the cuhura waa incubated in a ahaker for as additional 12 h, 
Cbar rysstee were prepared from theae hactBria by the method of 
Kate ft at (20) and ceatrtfufed in a 76% ceaium chloride denaity 
gradient (21). T^e piaamid DNA band waa collected, extracted with 
boamyl alcohol, and precipitated with ethanoL The DNA wee finally 
rteuepended and etored in 10 row TrU-HCl, pH 7.5, 1 mil KDTA 
(TB). Piaamid DNA to be used for DNA aequencing waa paaeed over 
a Sepharoat 4B Column to remove contatrinstiag RNA. 

Rtftrictm Endonucfeoee Lhgewtion and Analytical Gel Skctropho- 
mw--Raetriction encWnucleaaaa were purchaaed from either 
theede Reeeeudi LeJboraiarim 

of DNA wave carried out according to their recommended condition*. 
71m DNA digest* were analysed by electrophoresis through either a 
1% horizontal agaroee gel or a $% poryacryiamide vertical atab geL 
Both gel eyeteme utilised a buffer of 80 mM Trie-boreta, pH S\4, 2.5 
mu KDTA* The DNA fragment* wen visualised by UV illumination 
after iteinmg with ethidium bromide. 

Prtpmntion of DSA »o6*#— 250 *g of chimeric piaamid DNA 
were digested with the appropriate reetriction endonudeeeee and 
subjected to electrophone* inal% low melting egeroee (SeaPiaqut, 
FMC Corp.) gel. thi DNA fragment containing the desired insert 
seq u ences waa eiciaad from the gel and incubated at 68 *C for 10 min. 
Toe aqueous fraction wee extracted with saturated phenol twice at 
37 "C and twice at 4 'C. The DNA waa then ethanol precipitated and 
resuapended tor stormfe in TB. Toe DNA probes were labeled by nick 
translation ae previously described (18). 

DNA and RNA Blotting and HybridiMaim—TiSA in agarose slab 
gels was transferred unidirecUonaUy or biduectmnaUy onto nitrocel- 
hikwe fiHere by the method of Southern (22). The filters were baked 
at 68 'C for 3 h and then prehytnidistd and hybridised to "P-labeled 
DMA probe* aa described above for colony screening by in $Uu 
hybridisation. The fUtera were then weaned several times at 38 *C in 
2x SSQ0.6* SDS for a total of 8 h. 

RNA was electrophoneed in a 1.0% agarose gel in the presence of 
6% formaldehyde (23) and transferred to ritrocolhiloae paper (24). 
The fan mobilised RNA waa pretreated and Kybrkfieed to nkk-trana- 
lated DNA probee. The hybridbution waa performed at 42 *C for id 
h in the presence of 46% fbrmamidB. The filter* were washed to 
removed nonapecincally associated radioactivity. 

DNA S4quencing— DNA fragments were treated with bacterial 
alkaline phosphatase and labeled at the 5' ends with T4 polynucleo- 
tide kinase in the presence of fr^PJATP. The labeled DNA was 
recut with an appropriate restriction endonucleaae, and the desired 



fragments were isolated from a 6% poly aery Lunide gel. The fragments 
were degraded chemically according to the method of Meiam and 
Gilbert (25, 26) and aoatyred by eJectro ph orcaia on 0.3-cnm urea* 
acryUmide gels according to Sanger and Covleoo (27). 

A umrndic$rnphy — Hybridization filters and DNA aeq\iencing gels 
containing "TMabekd DNA fngmenta were exposed to Kodak X- 
OMAT AR5 or Fuji NIP-HX x-ray nim» in the p ^nce or abeenc* 
of Dupoitt Cronex Lightning Plus or Quanta III intenaifying screens. 
The films war* exposed at -20 or -70 °C. 

Bionftty prtcaution$^-AX\ cloning experiment* were carried out 
in compliance to the National Institutes of Health guideline! for 
recombinant DNA research. 

RESULTS 

Selection, o/ Chicken cDNA Clones Using an fCel cDNA 
Probe — A cDNA library of about 6000 raombinaiit clones 
waa constructed usiruj 30 ug of chicken brain poly(A*) mRNA 
as fitaiting material Screening 4500 of thaaa clones with the 
*P-ubeAed cDNA insert from pCMllft, which representc the 
fuN length cDNA for ed CaM (7), yielded 15 colonies with 
positive hybridization signals. These colonies were eiajninod 
by the rapid restriction analysis method to determine the size 
and orientation of the cDNA insert. Of the IB colonies two 
were chosen for subsequent sequence analysis. Hie first col- 
ony selected (cfeeignated pCBlfi) contained the largest cDNA 
insert of 1.3 kb* The fUnidng Psfl sites into which the cDNA 
was inserted were not regenerated in pCBl5; however, the 
cDNA contained two internal Pail sites. The second clone 
(pCBl2) contained an insert of 0.7 kb. Similar to p€B15, the 
flanking P#fl insertion sites were not regenerated in pCBl2. 
Unlike pCBl5 and the other colonies which were examined 
fay restriction analysis, pCBl2 contained a single cleavage site 
for P*tl and also cootalned an internal £coRI site which was 
absent in pCBlS. These data suggested that these two plas* 
mida contained overlapping cDN A inserts, an hypothesis that 
wse subsequently contained by sequence analysis. 

Sequence AnaiytU of pCBld and pC8l2— The restriction 
map* and sequencing strategy for pCBlS and pCBl2 are 
shown in Fig. 1. The combined primary nucleotide sequence 
is shown in Fig. 2. Hie length of the parent mRNA is 1395 
nucleotide* and includes 94 nucleotides of S'-nontranalated 
region and an 867-nuclsotide S'-nontranalated region. p€B12 
contains the 6'«nontranslated region, all of the CaM struc- 
tural sequence, and a small fraction of the 3'-nontranalated 
region. pCBld contains the majority of the CaM amino acid 
coding region* all of the 3'-nontranslated region, including a 
poiy(A) addition /termination signal (AATAAA), Twenty nu- 
cleotides 3' from this signal is apoly(A) tract of 28 nucleotides 
which pMujniawy represents a portion of the original poly(A) 
tail in the mRNA. pOBl2 and pCBlS overlap each other by 
ajjproximatery 430 nucleotides and, therefore, originated from 
the same mRNA species. 

Hie nucleotide sequence which codes for the amino acids 
of chicken CaM extends from position 95 to 638 and repre- 
sents 148 amino adds. The S'-nontianalated region containe 
a termination codon (position 5 of the cDNA sequence) which 
is in the same reading frame as the initiation codon of CaM, 
thus precluding the possibility that chick CaM is translated 
with a signal peptide. The amino acid sequence shown in Pig. 
3 is identical with the peptide sequence for bovine and human 
brain CaM (2ft, 29). The amino acid sequence for chicken 
CaM differs from eel CaM by a single conservative amino 
acid suhstitution of an Arg in the chicken for a Lye in the eel 
at amino acid position 74, 

The ajnino acid sequence of CaM can be divided into four 
domains which exhibit sequence homology with one another 
(28). The highest degree of homology is seen between domains 
I/Ill and II/IV. Table I shows the nucleotide sequence ho* 
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Flo. 1, Strategy for eequeaicbig 

pCB12 end pCBlS. The overlapping 
cDNA done* are shown together with 
the restriction enoYmudewe sites which 
were utilised for DNA sequencing. All 
restriction sites in pCBlS which are in 
the overlap region with pCQl6 are also 
found in pCBlS. The open ban represent 
the 3'- sad 5'-noBtr*n*lat«d region* 
while the striped ban indkets the amino 
acid-coding regions. The indicated hy- 
bridisation probes A, B, sad C were gen- 
erated by digestion of pCBl2 with 
HinalU And Avail and by digestion of 
pfiBlS with foal. Theee probe* were 
used for detection of mRNA for CaM in 
chicken t 
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znotogiee between those portions of the chicken cDNA donee 
that correspond to the amino acid domains. Abo shown ere 
the nucleotide sequence homologies between the domains of 
the chicken cDNA compared to those of the eel cDNA. Am 
anticipated, the higheet degree of nucleotide sequence homol- 
ogy parallel* the inUrdomein amino ecid sequence homolo- 
gia*. In eddition the crose-aperies nucleotide eequence ho- 
mology conforms to the predicted hierarchy of homology* 
That is, the higheet degree of homology is seen between 
domain* I/TH and II/IV\ 

Each molecule of CaM can bind 4 molecules of calcium. 
The importance of calcium binding to the function of CaM 
implies that tboee portion* of the molecule which participate 
in calcium binding will be more highly conserved than most 
other portions of the molecule. Baaed on the crystalline struc- 
ture of paralbumin (30) the putative calriirm-binding sites 
of CaM can be assigned. One binding site exists in each of 
the four amino ecid domains. Each site is composed of 12 
amino acid residues* 6 of which serve as Uganda for Ca** in 
the metal •protein complei* Table EL bate the per cent homol- 
ogy, between chicken and eel, of the protein domains of CaM 
and their corresponding calcium-binding subdotnains* Within 
each amino acid domain the region of putative ^^1^ it p* bind- 
ing exhibits the higheet degree of nucleotide sequence homol- 
ogy. 

In contrast to the amino acid coding portions of the chicken 
and sal eDNAs, the 5'- and 3 ^non translated region* of theee 
cDNAs have diverged to a large extent. This is pertkiilariy 
true for the S'-nontremdated region which ie extremely GC- 
rich in the chicken. 

mRNA for CaM in Chkken Tiuues— Eel CaM U translated 
from 3 mRNA* which have distinctly different sixes (7) as a 
result of differential Unnhiation/polyacwnylatUuL In light of 
this, it was of interest to determine the number of mRNA 
species which are specific for chicken CaM. For this purpose, 
three hybridization probes ware prepared from pCBl2 and 
pCBl6 (see Fig. 1). Probe A contains the entire 0\non trans* 
lated region and extends to the unique HisuRTt site in the 
amino acid coding portion of the cDNA. Probe B extends 
from the HindlQ site to the 3 '-end of pCBl2 and contains 
the majority of the amino acid coding sequence*. Probe C Is 
a 600-base pair fragment resulting from a fool digest of 
pCB15 and is derived exclusively from the 3' -non translated 
region. Together these probes represent 85% of the cDNA. 

The probes were racUoactively labeled by nick translation 
and hybridized to both total end cytoplasmic chicken brain 



polytA*) RNA a« well at total chicken muscle poly< A*) RNA. 
As shown in Pig. 3 f all three probes give identical hybrtdixa- 
tion patterns and detect two species of mRNA. The stronger 
hybridization signal corresponds to an mRNA of 1600 nucleo- 
tides in length, while the weaker signal conveponde to an 
mRNA of 1000 nucleotides in length. Both hybridiietkm 
signals are observed when either total or Cytoplasmic chicken 
brain or total muscle pory<A+) RNA ie used Essentially 
identical result* were obtained with RNA from chkken ovi- 
duct, gizzard, and liver (data not shown). 

Hybridization at the three probes to brain cytoplasmic and 
total muscle poty(A*) RNA yields several signals which are 
not evident in total brain pory(A*) RNA. All three probes 
hybridise to RNA species of less than 1600 nucleotides in 
brain cytoplasmic polyiA*) RNA. These hybridhuUion bands 
are difruse and are not evident in total brain poryfA*) RNA 
whkh suggests that they result from ckgradatkm of the two 
larger RNA species during the adtttional manipulations em- 
ployed to obtain cytoplasmic poly (A*) RNA. The hybridiza- 
tion pattern seen for total muscle pory(A*) RNA la intriguing 
in that there are two distinct hybridisation signals corre- 
sponding to RNAs which are considerably larger than the 
primary signals of 1600 and 1000 nucleotides. These RNA 
species are detected with only probe A, and it U, therefore, 
unlikely that they are precursor forms of the 1600 and 1900 
RNA species. The identity of theee large poly(A*) RNA 
species is unknown at present although the pcaaibtlity exist* 
that thoee nucleotide sequences in probe A, which is dVrived 
from the o'-end of the chick CaM cDNA, recognizee RNA 
species which code for other proteins. Probe A contains re- 
gions which are extremely GC-rich in the 5'-imntranakted 
region and which could hybridise to similar GC-rich regions 
in other RNAs. 

Arwfy$i$ of Genome Complexity — Three hybridization 
probes were prepared for use in an afialyais of genome com* 
pkxity by the method of Southern (22). Th* hybridization 
probes were derived from pCB12 and pC8l6 and are shown 
in Fig. 5 as probes A', B\ and C. Oenomk DNA* obtained 
from chicken liver* was digested with three restriction endo- 
nucleases (BamRl £ooRI, or HindlU). The digests were 
resolved on a 1% agarose get and hybridised to the three *P- 
laheled probes as shown in Fig. 4. Hybridization of all three 
probes to DNA digested with BomHI (Fig. 4. Janet B) gave a 
single signal with a size of 26 kb. Similarly, hybridhtfrtion of 
all three probes to DNA digested with £eoRI (Fig. 4* tows E) 
yielded a single signal with a size of 10 kb. Hybridization to 
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nucteotidM which ut difltotttt in pC8l2 «ad CL-i am iadfaciMd by 



Hindm-tivmtod DNA (Fig. 4, *»m /#) v« • ■lightly mdrt 
complex pattern. Probe A' hybridistd to * tn$mttA of 1*9 kh, 
prob« B' bybridiBtd to inpnijrls of IS *md 1.7 kb* wbik 
probe C hybrid&xtd to only the 1.7-kb tttpau>L From the 
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FKL 0. AaBiTab of tk* aim* ud «Ur of C»M hANA 
wifaiMW la efeU ta^taYdiwali. Totti pc*y<A*» RNA frt» 
chkk bntbi mad btokW and chfek braia fyfra)laMir polyCA*) RNA 
ta piapand and vftaaKad on l&% aftrcaa aaW a* eaaciirjad oncW 
"Maatrialt and Mtthcaii.* KjbradiaMtiaa ptalm A BL «p4G art 
o*erib*d iti Fig. 1. 1 x 10 T cpm of ^-bbaWd prob* wm oa>d for 
«ock hybfk&Mtkm CUttr. Tha mm marfcan i«ad wan "P-iabakd IB 
1 BTirl ffl ft rTTriiV frnm Till a rotla Tlx lijbidliWatu 9i»aaat ohiiaiii 
■bt total warned RNA wa«a obuioad by «a aatantMf^toa-wa aawY «a 
(ira Aap tt iia fa fee ta# radocad oapat of hybrioliat»oa at eatapafad to 
total braift UNA 

Tabu I 

/ i rfu a h w aw aiAjptodoV teatalajy ia cA fco a a aa d cai CaaV cZWAj 
Taa aartgnnMHt of oWaina it baaad oa tha aaaiao Mid aNuaaw 
of bovint braia CaM (ttK Tha oVoa^ai at l> aahiao atiba i-dO; H, 
aaalao adaa 44-70; III, amino aodt %l-H*\ IV, acaiaa acadi 117-148, 
Ovarall Mo ^a nc i boaftoiofy batwio*! asnno m& to o& m 190000 10 
ddekao aadavtoDNAa la 79%. 
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Kybtittolioii pott^ 
b iwt laianaaiiW Iry nii^ 
and prtdkt that thk fana b ptobobty uuiwoa and h 
ona Lnt«r¥ttUii| ato^iooeo which ctrntoiasa iVrndDl «ito> 

/of CWf— Tba cDNA in*** iVom pCBll «od pCBlS wota 
mizod ond uaad oa hyhridttaavtiokt probot to mn a 
chickM eotaomk Ubraiy ooTwcruotod la tha X phaao Charon 
4A (kindbf ptovicbd by T. Moniatax Haxranl UajaotaityK A 
poaitiva ckno conUlnlitf a 13^kb DNA imbH waa aaUctad 
and rtaafriaM CL-X. CL-1 boo boon chamdofnod V P«rtkl 
DNA aaquancrni ottondbaff both c&footiooa fittaw the ttttiqo* 
£ooRI aita loootad now tho rokidle of tha ckaat (tea FIby *). 
Tha nuclMAidaa whLch coda for 30 amino aodi joat dbtaJ to 
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the JBccRI site (amino adc* 11-40) are identical with thorn 
in the corresponding region of the chicken cDNA (tee Kg. 2). 
This confirm* the contention that CL-1 is derived from the 
chroinoscmul gene tor CaM. Thorn nucleotides which ere 
immediately S' to the BcoRI site do not code for any portion 
of the cDNA for CaML Therefore, the EcoRI site must be si 
or within several nucleotides of the 3'-junctioa of the inter- 
vening sequence designated intron A in Fig. 5. 

The unique JGeoRI site in CL-1 divides the done into 7.0- 
kb (S'-portion) and 6.5-kb {3' -portion) fragments. The 8.5- 
kb fragment wee enalyaed by endonudeeee mapping and 
Southern hybridisation and found to contain the structural 
sequences of the CaM gene which are 3' from the EcoBl site 
in the cDNA. This structural sequence is interrupted by at 
least two introns. Intron B » charsctarised by the presence 
of an Xool site 0.46 kb from the ScoRL site. This site could 
not be within the structural sequence because the cDNA 





FlO. 4. Analysis of gs»sosi possnlialty foe tee CaM pswe. 10 

Ml of cfakkea liver ssaomk DNA was digested with either BmmHl 
(A). EcttRl (A*), or ArndUI (f0 and resolved oa a 1% aaarese set His 
DN A wee tmAsfrted to nfttooslhilose pspsrbyuw seethed of South- 
era (32) end hybridised to ^-labeled probes as deeerib 
-Materials and Method^* The piobes A\ B\ and €' 
In Pig. & TYm umhv lutes' a* th* kft indieeft* tfae position of sbs 
■arkers; the m*Ws on tht right indicate the sbs of the various 
bybridbetion signals, 



sequanca data reveal that the single Xbal site preeent is at 
least 0.7 kb from the £coRI site. Therefore, the second Xbal 
site in the 6,6-kb fragment of CL-1 must reside in an exon. 
This assignment U supported by the dktrftutioo of Mel, 
/toL and Aoofl sites near this Xbal she which is identical 
with that found in the cDNA. The Southern hybridization 
analysis shown in Fig. 4 reveals an intron which is charecter- 
iisd by the presence of a HindUl sits. Partial DNA soquencing 
ofCH from the £coRI she (see Fig. 2) proves that the unique 
HindiU and EeoBl sites in the cDNA are not interrupted by 
an intron in CL-1. Therefore, the first HindUl in the &5*kb 
fragment of CL-1 resides in an axon while the second HindlU 
resides in an intron, intron C Another exon region which is 
at least 3£ kb 5' from the ficoRI site has been identified by 
hybrifiuatioo experiments using a pCBl2 probe* H» exact 
position of this exon is, as yet, unclear, and additional se- 
quence analysis must be performed to determine if this axon 
contains the 5' initiation site for the CaM leoe. 

DISCUSSION 

In this paper we describe the isolation and complete se> 
quencs of two cDNAe for chicken CaM which together rep- 
resent a full length mftNA. This has allowed the determine- 
tiott of the amino acid sequence for chicken CaM and a 
n ucl eotide e equence comparison of cDN A for CaM from two 
different species. We also report the isolation and partial 
characterisation of a genomic done for chicken CaM whkh 
contains at bast three mtervening eequeocee, 

As couU be expected from the highly coneerved nature of 
CaM from a variety of species, the primary amine acid ee- 
quence of chicken CaM (Fig. 2) is identical with that of human 
and bovine CaM (26, 29). Compered to eel CaM, there is a 
single conservative amino acid substitution st position 74 
whkh to occupied by an Arg in the chicken and a Lye in the 
eel (7), The functional implications of this change are as yet 
unclear. 

Consistent with the essentially identical primary amino 

eequencee in the amino acki-coding portions of the respective 
cDNAs are highly homologous, with an overall honeokfy of 
7W. There are, however, region* in U»e chicken and eel cDN A 
moieculss whkh have a daaraeof toinoloiy 
higher than the overall homology. Specifically, the four pu- 



L P P Hp A nP A MP P 

1 1 l lill l I I 




pCBl2/pCBv£ 



Fio. 5. Partial «l)er*eeort*a*Joa af the *ew*mk eke* for CaM* TV* 6.6*kb a*e*«*t of CL-1 wbkb 
titendi 3' from the AVoRi site to the end of the gene wss subdooed snd mapped with nooRI. & t HimAIL, ft /ttl 
P\ snd Xb*t t X. A 1.7-kb fraemeet, whkh contains the second Xeal site, was subekned from a ffkoin dsjeei of 
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theSA-kb fregoM** end stepped with AveJI «od Met The di*rib»4io* of jvetrktio© *t** in CL*l U coespexed tD 
those sites in pCB12/pC8l&. TV* bybridbuuon probes A', B\ end C wets eatd la en anejytk of seeoeje 
complexity for the CaM ftne. Probe A' «e* obtained by digestion of pCBlS «Hh S»RI end Frtl* probes B* end 
C obteined by dVseetine of pCBIS with Fttl and XhaL The exoes ia CL-1 are kdiceted by the else* arm*; the 
introns sre dstignated A t B, and C 



Chicken Calmodulin Genes 



11869 



tative calcium-binding subdomain* in the chicken and eel 
cDNAe have nucleotide homologies of d&-94% (Table II). The 
calcium-binding subdomains are each composed of 12 amino 
acida encoded by 36 nucleotide*, We have compared adjacent 
nsgment* of 36 nucleotides along the entire length of the 
amino acid-coding region* of the eel and chicken cDNAe and 
have found that the four calcium-binding eubdomaine have 
higher degrees of homology than all other portion* of the 
molecule. This suggests that there is a greater preeaure to 
conserve thoae aequencee in the calcium-binding subdomainB. 
In addition, the per cent homology between the four calcium- 
binding eubdomains in the chick and eel cDNAs are roughly 
the same, particularly for eubdotmaina II, HI, and IV. This 
suggests that there is equivalent preeaure to conserve theee 
aequencee. 

In contrast to the amino acid coding portion, the 5'- and 
3' -nontran slated regions of the cDNA for chicken and eel 
CaM have minimal homology (21 and 23%, respectively). 
Although very little direct sequence homology exists, the 3'- 
nontranslated regions in both the chicken and eel clones are 
ATrich and contain numerous short stretches of dT and dA 
which is characteristic of other 3 '-non translated regioni (31- 
33). The o'-nontranslated regions of the cbkken and eel 
dun** have distinctly different nucleotide compositions. The 
(v'-nontranelated region in the chicken contains 75% dC and 
dG while the eel contains only 50% dC and dG. The divergent 
nucleotide composition probably allows substantially differ- 
ent secondary structures in the respective -non translated 
regions. Tbii could be significant since the translation effi- 
ciency of mRNA is thought to be influenced by the secondary 
structure of the 5< -nontranslated region (34). 

Fig. 3 demonstrates that hybridhtatton probes prepared 
from pCBl2 and p€Bl6 recogniae two speciea of mRNA, with 
a major signal at 1600 nucleotides and a minor signal at 1900 
nucleotides. Other tissues which have also been evaluated for 
their CaM mRNA complexity include gizzard, oviduct, liver, 
and cardiac muscle. Is each case, the 1600-nucleotide and 
1900- nucleotide mRNAs were observed but in concentrations 
which varied over a 10- fold range. There are at least three 
possibilities for the presence of two mRNAs. (a) One of the 
mRNA species represents contamination from a nuclear pre- 
cursor. (6) The probes are recognising an mRNA which does 
not code for CaM but codas for a protein which haa a high 
degree of homology with CaM* (c) The mRNA species both 
code for CaM, the aiae difference being a result of differential 
processing of a primary RNA transcript. 

The first possibility has been eliminated since hybridisation 
of the probes to chicken brain cytoplasmic poly(A*) RNA 
yield both hybridisation signals, If one of the hybridisation 
signals was due to contamination by s nuclear precursor then 
this signal should not be apparent after hybridisation to 
cytoplasmic RNA. Th* second possibility is also unlikely. If 
the probes recognise an mRNA for a protein other than CaM, 
then the intensity of the signal should vary considerably 
depending on the nucleotide sequence of the hybridization 
probe. Specifically, probe C, which is derived entirely from 
the 3'-nontranjlated region, should not give the same relative 
degree of hybridization to mRNAs for CaM and CaM*like 
proteins as does probe B which is derived almost exclusively 
from the amino acid -coding region of pCBl2. What is ob- 
served is that alt three probes hybridise to the 1900-nucleotide 
mRNA and more importantly, the intensity of this signal 
relative to the intensity of the signal generated by the 1600- 
nucleotide mRNA is the same for all three probes. Therefore, 
we feel that both species of mRNA contain sequences which 
are complementary to all sequences present in pCBl2 and 



pCBlG. The 1600-nucleotide species is probably the parent 
mRNA for the cDNA described in this report while the 1900- 
nueleotide mRNA result* from the third possibility listed 
above, that is, it is a product of differential processing of a 
primary RNA transcript A similar mechanism has been found 
to exist for eel CaM (7) in which there are three species of 
mRNA which code for CaM, each of which results from 
differential recognition of multiple polyadenylation Bignala 
present in a common nuclear precursor. If this applies also to 
the chicken system, then we should be able to detect one 
additional polyadenylation signal with further characteriza- 
tion of the chicken genomic clone. CL*l. 

The data presented in Figs. 4 and 5 reveal that only a single 
CaM gene with at least three nitron* eiiata in the chicken 
genome, This gene appears to be transcribed into the mRNA 
that is translated into the CaM found in all chicken tissues. 
Recently, we nave screened the chicken genomic library with 
"P-iabeled pCM109 under conditions of reduced stringency 
of hybridization and have isolated a clone which ha* 74% 
sequence homology to CL-1 and pCBl2/pCB16. This gene, 
however, has no intervening sequences and encodes a protein 
which has 19 amino acid substitutions when compared to 
chicken CaM. The significance of this CaM-like gene remains 
to be determined 

CaM represents between 0.1 and 1,0% of the total protein 
present in every eukaryotic cell (3) and is involved in regula- 
tion of a wide variety of eniymea. In moat instances CaM 
binds Ca ,+ , undergoes a conformational change, and then 
interacts with the enzyme molecules (2, 3). However, CaM 
constitutes an integral subunit of phoaphorylasa kinase. One 
might have predicted that at least two CaM genes would exist, 
one to traiiscribe the mRNA used for "free" cytoplasmic CaM 
and another mRNA that would function to provide the CaM 
aubunit of phoaphorylaae kinase. Since that prediction cannot 
be true, it is possible that one of the multiple species of CaM 
mRNA may contain information that would direct it to an 
intracellular area where the muhtsubunrt ensyme is assem- 
bled. This poaiibility can be experimentally exarjuned by 
comparing the abundance and number of CaM mRNA species 
present in iCR/IAn mice which are deficient in skeletal 
muscle phoaphorylaae and CaM (36) to those present in the 
wild type animal* 
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